In order for microflow electrolysis cells to make their full contribution to routine laboratory organic synthesis, they must be capable of carrying out reactions with good selectivity and high conversion at a high rate of conversion. In addition to appropriate choice of the electrolysis medium and control of the overall cell chemistry, both the design of the electrolysis cell (including materials of construction) and the correct selection of the cell current and flow rate of the solution are critical in determining performance. The conclusions are tested using the methoxylation of N-formylpyrrolidine as the test reaction in a microflow electrolysis cell with a single, long, patterned flow channel.
Introduction
With their ability to deliver improved selectivities, higher yields, and faster conversions, microflow reactors now have an established role in the synthetic organic laboratory [1] . A number of flow electrolysis cells designed to contribute to this chemistry have been described [2] ; while some interesting reactions have been reported, most do not fit well with other microflow equipment or meet all the performance requirements, particularly ease of operation by nonspecialists, high rate of product formation, high conversion, and high selectivity.
Gaining the full benefit of microflow electrolysis cells for organic electrosynthesis, however, requires the understanding of both the organic chemistry and the characteristics of the electrolysis cell. This paper sets out the factors that should be considered in seeking good performance from such microflow electrolysis cells. The conclusions are tested using an electrolysis microflow cell based on a single, long, tortuous patterned flow channel [3] (see Figure 1) , readily integrated into microflow equipment and using the methoxylation of N-formylpyrrolidine as the test reaction. The anode and cathode reactions, along with the overall transformation, are shown in Scheme 1. The reaction of protons with the methoxide formed at the cathode ensures that the medium remains neutral through the channel.
A microflow electrolysis cell with a similar design has recently been employed for the oxidation of substituted toluenes [4] and for the investigation of the metabolites from the oxidation of a number of drugs [5] although it is clear from the performance reported that the cell was operated away from the optimum conditions.
1.1. Understanding Microflow Electrolysis Cells. In general, the microflow cells in the literature are undivided and operated with a constant current. The former requires the influence of the chemical changes at both working and counter electrodes on the cell performance to be considered. Clearly, a clean conversion at the working electrode is essential and this is largely determined by the chemistry of the reaction intermediates formed at the working electrode and the electrolysis medium; the susceptibility of the product to further oxidationreduction at the working electrode will be important to cell performance. In addition, however, the reactant and product must not be oxidized/reduced at the counter electrode and the chemical change at the counter electrode must not influence adversely the chemistry at the working electrode. Certainly, it is the overall chemical change in the cell that will determine the cell performance. A favorable strategy is a paired electrosynthesis where desirable transformations are carried out at both electrodes [6, 7] . A more generally applicable approach, used in the methoxylation of N-formylpyrrolidine (see Scheme 1 above), is to use the counter electrode to maintain a constant pH along the channel although this will normally involve gas evolution and the resulting gas bubbles will have an influence on the performance of a cell with a channel of small dimensions.
In the microflow electrolysis cell, the goal will be to approach full conversion of reactant to product by the exit to the cell. The variation of reactant and product concentrations along the channel will have the general forms shown in Figure 2 . The concentration of reactant will drop, and the product will build up along the channel. If the product is susceptible to further electrode reactions, such chemistry will be most likely towards the exit to the channel. The highest conversion will be found when the electrode reaction is mass transport controlled. In these conditions but in the absence of gas bubble formation within the microchannel, the electrolysis cell may be modeled as a single pass, plug flow reactor as discussed in standard texts of electrochemistry and electrochemical engineering [8] . For a single pass, plug flow electrolysis cell, the fractional conversion, X, is given by
where c in and c out (mol cm −3 ) are the concentrations of the electroactive species at the beginning and end of the cell channel (x = 0 and x = L), respectively; k m (cm/s), the space averaged mass transfer coefficient (a function of the volumetric flow rate of the reactant solution, Q V (cm 3 /s)); w (cm), the width of the channel; and L (cm), the length of the channel. The decay in reactant concentration along the channel can be seen to be exponential. Figure 2 shows plots of normalized reactant and product concentrations as a function of distance along the channel, x, for the microflow cell used in this work and for two flow rates of 0.1 and 3.0 cm 3 /min. It can be seen that the theory predicts a high conversion for the slower flow rate. In general, for a high fractional conversion, the mass transport regime in the channel and the length of the channel must be sufficient for the flow rate employed. Hence, with a flow rate of 3.0 cm While, to some extent, the fraction of conversion also depends on the channel width, w, increasing w also has the effect of lowering the linear flow rate of solution through the channel (at fixed Q V ) and, hence, the mass transfer coefficient, k m . Overall, it is clear that the conversion depends strongly on the design of the microflow electrolysis cell and achieving a high conversion in a single pass is always a major challenge, certainly only possible with an extended channel length if the flow rate is to approach the cm 3 /min flow rates advantageous in microflow synthesis. On the other hand, it should be noted that the fractional conversion should be independent of the concentration of reactant fed to the cell.
The cell current, I opt (A), required to achieve the fractional conversion, X, demanded by eq. (1) is given by
where n is the number of electrons required for the chemical conversion at the working electrode; F (A s/mol), the Faraday constant; Q V (cm 3 /s), the volumetric flow rate of the reactant solution; and c in (mol cm ), the concentration of the reactant at the inlet to the cell. This optimum cell current is not dependent on the cell design, and it is essentially a statement of Faraday's laws -the number of moles of chemical change is proportional to the charge passed. The cell design only determines whether the conversion is, in fact, possible.
It should also be stressed that, in any condition, I cell is always the integral of the variable local currents along the channel. As the conversion of reactant to product occurs along the channel, the reactant concentration decreases and, with it, the local current density must decrease along the channel. For example, for a 95% conversion, the current density for the desired reaction at the exit to the channel will be only 5% of the current density at the entry to the channel. Indeed, the variation of the local current with length of the channel, x (cm), will follow the c vs. x plots of Figure 2 ; the current decreases exponentially with the distance along the channel.
Failure to operate with I cell = I opt will, however, inevitably lead to a loss in the performance of the cell. If I cell < I opt , a full conversion cannot be achieved. If I cell > I opt , another competing reaction will be occurring at the working electrode (over oxidation-reduction of the reactant, decomposition of the solvent/ electrolyte, etc.), probably leading to a lower selectivity and complexity in the isolation of pure product. Even using the optimum cell current does not alone ensure high selectivity and conversion. This is only possible if the cell design is such that the fractional conversion, X, can actually be achieved and, hence, there is the appropriate distribution of the local currents along the channel. If this is not the case, even when I cell = I opt , as well as lower conversion, competing reactions will occur and there will be a loss of selectivity. Practically, the correct distribution of local currents along the channel and the ability of the cell to achieve the desired conversion can only be inferred from the experimental determination of the fractional conversion and comparison with the theoretical value.
The optimum cell current is proportional to both the inlet reactant concentration and the flow rate. When using these parameters to increase the rate of product formation, it should also be recognized that the current, I opt , may not be achievable in the laboratory. The maximum cell current may in practice be determined by (1) the instrumentation used to control the current since this will have a maximum current output; (2) the volume of gas formed at the counter electrode (proportional to the cell current) might degrade the cell performance; and (3) the temperature rise due to the voltage drop across the interelectrode gap (proportional to I cell 2 R cell ) will increase and may become uncontrollable.
Overall, the conclusion is that good cell performance is dependent on achieving the correct current distribution over the length of the channel and this in turn is a function of both the cell design and the cell current (see eqs. (1) and (2)). It is helpful to consider each of the important performance criteria in turn. Scialdone et al. [9] have addressed the influence of cell design and operating conditions on the performance of microflow electrolysis cells, but stressed only "conversion" since they were interested in the removal of organic contaminants from effluents.
1.1.1. Charge Efficiency. In laboratory synthesis, the importance of charge efficiency (alternatively called current efficiency) is largely its influence on selectivity. Charge efficiency is defined by
Here, q (C, i.e., A s) is the charge passed, q theory is the charge estimated using Faraday's laws for the fractional conversion X, and V (cm 3 ) is the volume of reactant solution to be converted. When the microflow cell is operated at the optimum cell current, this optimum charge is given by
Passing less than this charge will inevitably lead to a lower conversion while passage of a greater charge will lead to the occurrence of a competing electrode reaction (over oxidationreduction of the reactant, decomposition of the solvent/electrolyte, etc.), probably leading to a lower selectivity and complexity in the isolation of pure product. The full benefit of using q opt and I opt will, however, only be seen if the lessons of eq. (1) are also learnt; the mass transfer coefficient and length of the channel must both be large enough to achieve the desired conversion at the flow rate employed. A charge efficiency approaching one, therefore, requires the correct selection of cell current, I cell , and flow rate, Q V , as well as cell design (hence, k m and L).
1.1.2. Selectivity. The selectivity of the conversion will first depend on the choice of the electrolysis medium; a selectivity approaching 100% will result only if the intermediate generated at the working electrode reacts through a single pathway to form the desired product. In addition, it is necessary that the reactant and product are inactive at the counter electrode and that the cell current does not exceed I opt when over-oxidationreduction and solvent/electrolyte decomposition are likely to lead to by-products. Operating with a cell current below I opt will probably not adversely affect the selectivity, but it will lead to a lower conversion and a lower rate of product formation. As with the charge efficiency, a high selectivity is dependent on the cell current, flow rate, and cell design.
1.1.3. Conversion. A high conversion maximizes the use of the reactant and generally eases the separation of reactant and product after the electrolysis. The main parameters influencing the conversion are the channel length, L, and the flow rate of the solution, Q V (see eq. (1)). The conversion will increase as the channel is lengthened and the flow rate is reduced. Several cells in the literature with short channel lengths give good selectivity for interesting chemistry, but in order to give a high conversion, it is necessary to operate with a very low flow rate and, consequently, a low rate of product formation [2a-c] .
Conversion is also dependent on the passage of sufficient charge for the reaction to occur. The cell current will also need to be at least I opt for the desired conversion (see eq. (2)). This current demand will increase with the concentration of the reactant, c in , and the flow rate of the solution, Q V , and, as noted above, the cell current demanded may not be achievable in practice because of instrumental limitations, the volume of gas evolved at the counter electrode, or failure to cool the cell sufficiently. The maximum sustainable cell current must be determined experimentally.
1.1.4. Rate of Product Formation. If the microflow electrolysis cell is to be used for routine synthesis in the laboratory, it is essential that it manufactures the quantity of product required (for a test program, the next stage in the synthesis, etc.) and a target of several grams per hour is desirable. The amount of product formed will be proportional to the solution flow rate and the concentration of reactant, provided the selectivity and conversion are maintained. The full benefit, however, requires operation of the cell with a current close to I opt , and this will increase with both flow rate and concentration placing increasing demands on the control instrumentation, gas handling, and cooling in the cell. The rate of product formation is readily calculated from the inlet reactant concentration, fractional conversion, and flow rate.
It should be noted that it may not be possible to define experimental conditions where the optimum charge efficiency, selectivity, conversion, and rate of product formation are all obtained and then the electrolysis conditions will depend on the objectives of the synthesis.
In this paper, the electrolyses were carried out in a microflow cell with a single, convoluted channel with path length of 70 cm, width of 0.15 cm, and interelectrode gap of 0.02 cm. This gives a total electrode area of 10.5 cm 2 and a channel volume of 0.21 cm 3 [3] . In this cell, the space averaged mass transfer coefficient in the absence of gas bubble formation can be estimated from the equation [3] . Equations (1), (2), and (5) were then used to estimate the performance of the cell for the methoxylation of N-formylpyrrolidine, and some predictions are reported in Table 1 . It can be seen that the predictions arising are as follows: (a) the fractional conversion drops from 0.98 with a flow rate of 0.1 cm While the simple model, assuming plug flow for the microflow cell, facilitates an understanding of how the cell should be used in synthesis, it cannot be expected to predict performance quantitatively since it ignores the gas evolution from the counter electrode (and the gas is clearly observed in the solution exiting the cell). Small gas bubbles in the flow channel will act as turbulence promoters and the gas volume will also increase the linear flow rate of the solution along the channel, and both effects will enhance the value of the mass transfer coefficient, k m , thereby improving the cell performance. Even if the bubbles coalesce, the larger gas bubbles will still lead to an increase in the linear flow rate. Of course, if the gas blocks off large areas of electrode, a negative impact could occur. It is important to recognize the scale of gas evolution; for example, with a cell current of 1 A,~7 cm 3 /min of H 2 gas is evolved (at atmospheric pressure), and this compares with solution flow rates of 0.1-4 cm 3 min −1
. For this reason, in Table 1 , we also report the cell current demand and product formation rates if it is assumed that full conversion can be achieved in the electrolysis conditions (calculated using eq. (2) with X = 1). Of course, this increases substantially both the cell current demand and the product formation rates and may also adversely affect the selectivity of the reaction.
In reality, it is clearly necessary to determine the cell performance experimentally.
Results
2.1. Influence of the Volumetric Flow Rate. Two sets of electrolyses were carried out to investigate the influence of the volumetric flow rate on conversion. In each experiment, the cell was fed with 5.0 cm 3 of a solution containing 0.05 M Bu 4 NBF 4 + 0.2 MN-formylpyrrolidine in methanol. In the first set, the cell currents were those calculated with eq. (2) for the conversions predicted using eqs. (1) and (5). The fractional conversions as a function of volumetric flow rate are reported in Figure 3 , curve (ii). Also shown as curve (i) are the fractional conversions calculated using eqs. (1) and (5). It can be seen that there is good agreement between theory and experiment in these conditions. It can be concluded that in these conditions:
• Plug flow is a good model for the flow conditions in the convoluted microflow channel in these conditions.
• The oxidation of N-formylpyrrolidine is mass transfer controlled employing this cell current.
• The concentrations of reactant and products along the channel will follow the plots of Figure 2. • The charge efficiencies for the conversions are close to 100%.
• However, the fractional conversion is strongly influenced by flow rate dropping by a factor of two as the flow rate is increased from 0.1 to 3 cm 3 /min.
In order to test whether the fractional conversion could be improved, the cell currents were increased to the values required to have the charge input for full conversion in a single pass (calculated with eq. (2) with X = 1) and the fractional conversions are reported in Figure 3 , curve (iii). It can be seen that the fractional conversions are increased, most markedly at the higher flow rates; for example, with 3 cm 3 /min, the fractional conversion has increased from 0.52 to 0.72. This improvement is only possible if the mass transfer coefficient is higher than predicted by plug flow through the reactor, and this implies that the hydrogen gas evolved at the counter electrode is, indeed, improving the mass transport regime. The increase in fractional conversion represents an increase in the rate of formation of product but at the cost of a lower current efficiency with the possibility of a loss of selectivity. Possible additional electrode reactions are O 2 evolution, H 2 oxidation, methanol oxidation, or over-oxidation of the methoxylated product. However, in this particular synthesis, no over-oxidation products were observed in the gas chromatographic (GC) analysis, and since no H 2 oxidation is found at lower charges, this is unlikely to be a major reaction.
2.2. The Concentration of Reactant. The obvious way to increase the rate of product formation is to increase the (1) and (2) (1) and (5) Again, experiments were carried at two cell currents for each concentration: (i) the cell currents predicted by eq. (2) using the fractional conversion calculated from eqs. (1) and (5); (ii) the cell currents required for a full conversion in a single pass. The fractional conversions are reported in Figure 4 . It can be seen that the fractional conversions are independent of the inlet concentration of N-formylpyrrolidine (as expected from eq. (1)) and, indeed, close to those predicted by the simple model. The higher cell current, and hence higher charge input into the solution, leads to a high fractional conversion but with a lower current efficiency.
2.3. Charge Output. Table 2 reports the influence of the cell current (and hence the charge input into the solution) on the performance of electrolyses carried out with 0.2 MN-formylpyrrolidine and a volumetric flow rate of 1 cm 3 /min. At the lowest cell current, the performance closely matches the theory as seen by comparison of the theoretical and experimental fractional conversions and the charge efficiency close to 1.0; the methoxylation of N-formylpyrrolidine (Scheme 1) is the only reaction occurring at the anode. As the cell current is further increased, the fractional conversion continues to rise but the charge efficiency drops substantially. This is not a significant problem with this synthesis although this is not the general case. If further oxidation of the product at the anode is the most facile reaction, then the selectivity will decay rapidly.
2.4. The Rate of Product Formation. The highest rate of product formation will occur using a high concentration of N-formylpyrrolidine and a high flow rate of solution provided the microflow cell continues to follow the theory and no experimental problems occur. Table 3 reports the performance of the cell in these conditions. It should be stressed that the theory now demands cell currents usually of several amperes. These are very large currents for such a small cell and also place demands on the control equipment and cell connections; indeed, the control equipment used here had a maximum output of 5 A and experiments at I cell > 1 A led to rapid heating of the cell in extended experiments. The data in Table 3 , however, shows that electrolyses are possible and the agreement of the performance with the simple theory remains surprisingly good despite the very high rate of H 2 gas evolution that leads to the solution being vigorously spat out of the cell outlet. It can be seen that the rate of product formation rises to 11.6 g/h. Although the charge efficiency is good, the highest rates of product formation are at the expense of a slightly lower conversion. It has not been possible to achieve both a high conversion and the highest rates of product formation, but this may be a result of the limitation in the cell current that could be used.
2.5. Lowering the Electrolyte Concentration. Decreasing (or even removing) the electrolyte from the electrolysis medium can be attractive since it can greatly simplify the isolation of pure products. Inevitably, decreasing the electrolyte concentration will increase the resistance of the solution, and hence, the voltage drop across the interelectrode gap (with consequences in terms of demands on the control equipment and heating of the solution) and this problem will get worse with increasing cell current. Hence, there is a balance between lowering the electrolyte concentration and seeking to increase the rate of product formation. Table 4 reports a set of experiments where the electrolyte concentration has been lowered by a factor of ten to 0.005 M and the volumetric flow rate is 0.5 cm 3 /min. The fractional conversions remain >0.7, and the final experiment still corresponds to the formation of 2.0 g/h. With this electrolyte concentration, however, the cell and control equipment would not allow a cell current above 1.0 A.
Discussion
Overall, it can be concluded that the simple model based on plug flow is a remarkably good model for understanding electrosynthesis in this microflow cell. Equation (1) gives a good basis for estimating the conversion that may be expected in the cell while eq. (2) allows the selection of an appropriate cell current to achieve this conversion. Clearly, the gas formed at the counter electrode has little adverse effects even at high cell currents. Indeed, it appears to be enhanced. The large volume of gas bubbles produces a more complex flow regime; slug flow occurs increasing the effective flow rate and, hence, the mass transfer coefficient. In addition, the bubble evolution will increase mixing between the cathode and anode, again enhancing the mass transfer coefficient. Moreover, it can be concluded that the cell performs remarkably well allowing syntheses with currents of several amperes and allowing the synthesis of several grams of product per hour with a good selectivity. This performance is, however, dependent on the methoxylation of N-formylpyrrolidine being a very robust reaction. The product appears not to further oxidize in a wide range of cell conditions. It must be emphasized that the cell performance would not be as good for reactions where the product has further, facile electrochemistry -using excess charge must then lead to a mixture of products.
It should also be stressed that the model also assumes that the reaction at the working electrode is mass transfer controlled. Any kinetic limitation in the reaction will inevitably lead to a lower conversion and slower product formation as well as, almost certainly, to a lower selectivity. Certainly, any attempt to select electrolysis parameters using the model will lead to inappropriate conditions. One objective of this work was to explore how the microflow cell could be employed routinely in the synthetic laboratory. While undivided microflow electrolysis cells can carry out some valuable syntheses, their use can also be challenging, requiring an understanding of both the chemistry to be attempted and the factors that determine the performance of the electrolysis cell. Hence, what practical advice can be given to someone wishing to carry out a new synthesis?
Firstly, the chemical change expected at both working and counter electrodes should be written down and the overall chemical change examined. If a product, in addition to the desired one, is being formed at either electrode (whether formed from the reactant, solvent, or electrolyte), it needs to be recognized that its concentration will build up along the channel as the concentration of reactant declines, possibly leading to a significant change in reaction environment. For example, setting up the cell so that acid or base is accumulating along the channel can often lead to unwanted homogeneous reactions. If such problems can be envisaged, taking steps to change the cell chemistry should be considered.
Secondly, the volumetric flow rate and the cell current need to be selected appropriately. If the mass transport characteristics of the cell are known (i.e., an expression such as eq. (5) is available), likely, fractional conversions and appropriate cell currents can be calculated using eqs. (1) and (2). If such background information is not available, two approaches to setting the cell current are possible: in each case, starting with a modest volumetric flow rate, (i) calculate the cell current required for a full conversion in a single pass using eq. (2) with X = 1 and start with this current; (ii) guess a value for the mass transfer coefficient and again use eqs. (1) and (2) to estimate an appropriate cell current -with a narrow channel and flow rates of a fraction of 1 cm 3 /min, a value of k m = 10 −3 cm/s is likely to lead to a reasonable estimate of the cell current. If cell currents selected in this way do not give the desired conversions and rate of product formation, the cell current can be increased but this will inevitably lead to low charge efficiency with the likelihood of by-products being formed.
Experimemtal
The electrolysis cell used in this work (see Figure 1 ) has been described previously [3] and was fabricated by Syrris Ltd. It is a unit of only 10 cm × 7 cm × 4 cm. The cell has a carbon filled polyvinylidene fluoride anode and steel cathode plates. It has a single convoluted channel with path length of 70 cm, width of 0.15 cm, and interelectrode gap of 0.02 cm formed by a patterned FFKM perfluoroelastomer gasket held in place by a groove machined into the steel cathode. This gives a total electrode area of 10.5 cm 2 and a channel volume of 0.21 cm 3 [3] . The microflow circuit, the chemicals, and gas chromatographic (GC) analysis of N-formylpyrrolidine and methoxylated product have all been described previously [2j, 3] . The performance was estimated from both the consumption of reactant and the formation of product, and, in general, the selectivity is close to 1.0. Unless otherwise stated, all electrolyses were carried out at room temperature with 5.0 cm 3 of methanol containing 0.05 M Bu 4 NBF 4 + the stated concentration of N-formylpyrrolidine.
